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The subject matter of these lectures lie at the intersection of (1) Axiomatic Truth
Theories, (2) Axiomatic Arithmetic, and (3) Axiomatic Set Theory. The following
textbooks provide the foundations for each of these three subjects.

@ Axiomatic Truth Theories:

e C. Ciedlinski, The Epistemic Lightness of Truth. Deflationism and
its Logic, Cambridge University Press, Cambridge, 2017.

o V. Halbach, Axiomatic Theories of Truth (second ed), Cambridge
University Press, 2015.

@ Axiomatic Arithmetic

o P. Héjek and P. Pudlak, Metamathematics of First-Order
Arithmetic, Springer, 1993.

e R. Kaye, Models of Peano Arithmetic, Oxford University Press, 1991.
© Axiomatic Set Theory

e A. Levy, Basic Set Theory, Dover Publications, 2003.

o K. Hrbacek and T. Jech, Introduction to Set Theory (third ed),
1999.
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Tarskian Satisfaction, defined (1)

@ Let M = (M,---) be an L-structure (L is the language/signature of M);
and ¢ be an L-(first order) formula; we will assume that first order logic
only uses the logical constants {—,V, 3}.

@ Also let « be an assignment for ¢, i.e., «:FV(¢) = M, where FV(p) is
the set of free variables of .

@ The ternary relation | M |= ¢[c] | is defined by recursion on the complexity

of ¢ as follows:
Q@ M E R(vi,...,w)[a] iff RM(a(wv1), ..., a(vk)), and more generally
M E R(t1, ..., t,)[a] iff RM(A(tr), ..., &(tn))-
Here & is extension of « to terms whose free variables are in Dom(«).
Q M E —p[a] iff ME p[a].

O M E= (o1 V)a] iff M = ¢1]a1] or M = @s[az], where
a;j =a | FV(p;).

Q@ M |=3v p[a] iff there is some m € M such that M [= p[ay),].

‘ ), is the modification of o that sends the variable v to m but is otherwise the same as o ‘
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Tarskian Satisfaction, defined (2)

@ We can write a set-theoretic formula | Sat (¢, @) | such that within a
sufficiently strong fragment of ZF, the following are provable:

@ The recursive clauses on the previous page hold when M |= ¢[a] is
replaced by Sata(p, ).

Q {(p, ) : Satam(p, @)} forms a set, denoted .

@ We will refer to saty as the Tarskian satisfaction relation on M.
@ The theory of M, denoted | Th(M) | is then defined as the set of
L-sentences ¢ such that (o, @) € satp.

@ The following two well-known finitely axiomatized fragments of ZF are
sufficiently strong for the above purposes:

@ Zermelo set theory with the separation scheme limited to Ag-formulas.
@ Kripke-Platek set theory with the €-induction scheme limited to
3 ;-formulas.

@ For finite structures M, IAg 4 Exp is strong enough to construct sat .
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Truth vs Satisfaction

@ Given an L-structure M, let L) be the result of enriching £ with constant
symbols m for each m € M.

@ The binary relation is defined by recursion on the complexity of
Lp-sentences o using the following clauses:

Q@ M = R(my,...,my) iff RM(my, ..., my), and more generally:

M R(ty, ..., ti) iff RM(EM, ..., t{M). Each t; is a closed £-term.
QO ME-ciff MEG.
O MEOVaiff MEo ot MEos .

@ M |=3v p(v) iff there is some m € M such that M |= p(m/v).
o Let be expansion (M, m)nem of M.

@ Th(MT™) is referred to as the elementary diagram of M by model-theorists.

@ In a sufficiently strong meta-theory, sataq and Th(M™) for a given structure
can be defined from each other, but in the abstract axiomatic framework,

satisfaction and truth have subtle differences.
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Undefinability of Truth

@ Let T be an L-theory. Suppose n+— n be a mapping of w (natural numbers)
into the set of closed £-terms (terms with no free variables).
Fix a 1-1 correspondence ¢ — #(y) between Formk and w, and let
n — ¢, be its inverse.

The diagonal function § : w — w is given by 0(n) = #(pa(n)).
f:w — wis T-definable if there is an L-formula 6(x, y) such that

Vnew THVYy |0(ny) < y="~f(n)].
@ Theorem. (Tarski Undefinability of Truth). If T is a consistent L-theory
such that 0 is T-definable, then there is no L-formula 6(x) such that for all
L-sentences ¢ we have: T F ¢ < 0(#(p)).

@ Corollary. If ¢ is Th(M)-definable, then Th(M) is not parameter-free
definable in M.
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Peano Arithmetic

@ PA (Peano Arithmetic) is the first order theory formulated in the language
(signature) Lpa consisting of 0, 1, +, X, <, whose axioms consist of

Q + Ind,
where Q (Robinson arithmetic) is finitely axiomatized, and

Ind = {Indgﬂ(x,v) : SD(X, V) S Formp/_\},

where Ind(,,) is the following instance of induction:

Vv | [(0(0, v) A VX((x, v) = o(x 4+ 1,v)] = Vx o(x, v)|.

@ Another common axiomatizations of PA is
PA™ + Ind,

where PA™ is the theory of the non-negative parts of discrete ordered (a

finitely axiomatized theory).

Lecture 1 4 Lecture 2 4 Lecture 3
Ali Enayat Truth theories 7/53



The truth theory CT[PA]

CT [PA] = PA+ CT, where the axioms of CT™ are (1) — (5) below. The
axioms are formulated in Lpa(T) := Lpa U {T(x)}.

Q Vx [T(x) — Sentpa(x)]

Q Vs, t € ClTermpa [T(s=1t) + s° =1t°].

© Vi € Sentpa [T(—p) ¢ =T ()]

Q Vi1, 1o € Sentpa [T (¥1 V 1h2) < (T(¢1) V T(402))] -
Q@ Vu(v) € Formb, [T(Avep(v))  Ix T@(k/v)} .

Sentpa(x) expresses “x is (the code of) an Lpa-sentence”;
ClTermpy is the set of (codes of) closed terms of Lpa;

s° denotes the value of s;

Formba(x) expresses “x is (the code of) an Lpa-formula with one free variable”.
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The truth theory CT[PA] and its fragments

@ Let Ind(T) be the induction scheme of PA extended to Lpa(T).
o CT[PA] := CT[PA] + Ind(T),

@ The intended model of CT[PA] is (w, +, -, Th(w, +,-)).

@ TB™ ={p+ T("¢"): ¢ € Sentpa}.

@ TB =TB™ + Ind(T)

e UTB™ = {¥x[p(x) < T("p(x)7)] : ¢(x) € Formpa}.

e UTB =UTB™ + Ind(T)

e CT™ F UTB™ + TB™.

e CT - UTB + UTB.
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Base theories and Truth theories

@ A base theory B is a first order theory with “enough coding for handling
finite sequences of objects” (a sequential theory). For example:
(1) B = PA (Peano arithmetic).
(2) B = ACAy (the predicative extension of PA).
(3) B = ZF (Zermelo-Fraenkel set theory).
(4) B = GB (the predicative extension of ZF).
But not Robinson’s Q!

@ A truth theory over a base theory B is a theory of the form:

PB]=BUP,

where P (for prawda = truth in Polish) is a set of “truth axioms” formulated
in the language £ U {T(x)}, where the intended interpretation of T(x) is
“x is the Godel number of a true Lp-sentence” .

@ In this context, by the "extended language” we mean the language:

Lp(T) =L U{T(x)}

Lecture 1 4 Lecture 2 4 Lecture 3
Ali Enayat Truth theories 10/53



Gauging the logical distance between P[B] and B

@ Tarski's undefinability of truth theorem and Godel's second incompleteness
theorem suggest that there is a significant logical gap between P[B] and B.
We can measure this gap by answering the following questions.

e Q1. Is P[B] semantically conservative over B? In other words, does every
model of B have an expansion to a model of P[B]?

@ Q2. Is P[B] (syntactically) conservative over B? In other words, if P[B] I ¢,
where ¢ is an Lp-sentence, then B+ ¢ 7
The Tarski boundary demarcates the territory of truth theories that are
conservative over B.
Note that semantic conservativity implies conservativity.

@ Q3. Suppose P[B] is conservative over B. Among the canonical
computational classes of functions F, what is the optimal complexity class
JF that contains a function f such that for all proofs 7w and all Lg-sentences
@, we have: P[B] Fr o = B F¢(r) .

@ Q4. Is P[B] interpretable in B?
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Conservativity of CT ™ [PA]

® Theorem. CT ™ [PA] is a conservative extension of PA.

0 Krajewski, Kotlarski, and Lachlan [KKL] (1981) showed that every countable recursively saturated model of PA can be
expanded to a model of CS™ [PA] (where PA is treated as relational theory). They used a method that has come to be
known as M-logic (an exotic hybrid of proof theory and model theory). By elementary model theory this shows that

CS™ is conservative over PA.

e The M-logic was extended by Kaye [Ka] (1991) and Engstrom [Eng] (2002) to languages with function symbols; the
former in the context of CS™, and the latter in the context of CT .

e Visser and | [EV-1,2] (2012,2014) used the model-theoretic argument outlined in this lecture to show that CT ~[B] is
conservative over B for every base theory B (if B is formulated in a relational language.) We also showed if 7 is a

“scheme template” such that B proves every instance of 7, then: CT~ [B] + “every instance of 7 is true” is
conservative over B.

0 The above model-theoretic method was further extended by Cieslinski [C-1] (2017) to obtain the conservativity of
CT ™ [PA] over PA when PA is formulated in the usual functional language.

e Leigh [L] (2015), using a newly minted cut-elimination argument to show that CT ~ [B] is conservative over B, where B
is an extension of I-Ag + Exp (in the same language).

e Ciedlinski [C-3] (2021) used classical techniques of proof theory and model theory to establish the conservativity of
CT—[PA].
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Conservative extensions of CT [PA]

@ Theorem. The following can be conservatively added to CT ™ [PA]

@ Int-Ind (internal induction) is the single sentence in the language
Lpa(T) that asserts that every instance of the induction scheme (of
PA) is true, i.e., Vi(x) € Formps T(Ind,,), where Ind,, is the induction
axiom for . In the presence of CT ™ [PA], Int-Ind is equivalent to the
sentence asserting that all the axioms of the usual axiomatization of
PA are true.

@ The collection of sentences Vx(True,(x) — T(x)), where n € w. Here
True,(x) is the definable truth predicate for X ,-sentences.

© (DC-in) Vk (Hi <k T(pi)) — T(V <p,~)) .
i<k
(Cieslinski, Letyk, and Wcisto 2023).

Q@ Coll(T), where Coll(T) is the scheme of collection in the extended
language (Wecisto 2024).
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Interpretability of CT~[PA] in PA

@ Theorem. (Visser + E. 2012) CT ™ [PA] is interpretable in PA.

@ In contrast to the above theorem, Pudldk's interpretability theoretic
generalization of the second incompleteness theorem (1985) can be used to
show:

(1) CT7[B] cannot be interpreted in B for a finiely axiomatized B.

(2) CTT[PA] + Int-Ind is not interpretable in PA.

@ Visser (2019) has shown that no finitely axiomatizable base theory can B
interpret UTB~[B].

@ The question of whether a finitely axiomatized B can interpret TB~[B] can
be weakened to TB~[B] here.

o The interpretability of CT ™ [PA] in PA was first established in [EV-1], essentially the same proof is also presented in my
recent paper [Ena-1]. Another proof was presented in my joint paper [ELW] with tetyk and Wecisto. Both proofs involve
appropriate arithmetizations of the model-theoretic proof of conservativity of CT ™ [PA] over PA.

e The interpretability of CT ~ [PA] in PA can also be derived from Leigh's proof-theoretic demonstration [L] of
conservativity of CT ™ [PA] over PA.
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Feasible reducibility and hardness

@ Theorem. (Letyk + Wcisto + E. 2020). CT ™ [PA] is feasibly reducible to
PA, i.e., there is a polynomial-time computable function f with the property
that for all proofs m and all Lpa-sentences p, we have:

CTT[PA] Fr o = PA F¢(1) 0.

@ Theorem. (Letyk and E. 2023) The collection of Lpa(T)-sentences 6 such
that CT~[PA] + 0 is conservative over PA is complete N3 (and in particular,
it is not recursively/computable enumerable).
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Tarski Boundary
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The X ,-hierarchy of formulas in arithmetic and set theory

@ Yo =11y = Ag is the collection of Lpa-formulas all of whose quantifiers are
of the form 3x < t ¢ or Vx < t ¢ (where t is a term).

@ X, consists of Lpa-formulas of the form Ixg - - - Ixx , where ¢ € M,;
@ [1,,1 consists of Lpa-formulas of the form Vxq - - - Vxx ¢, where ¢ € ¥,.

@ One can similarly define the (Levy) hierarchy of Lzp-formulas, using €
instead of < for bounding quantifiers.
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Connection with satisfaction classes

@ Theorem. For each n > 1 there is there is a X ,-formula Sat,, such that PA
proves CS™ | F with S(x, y) replaced with Sat,(x,y) and F(x) with “x is a
> ,-formula”.

@ For M = PA, and S C M2, we say that S is an F-satisfaction class over M
if (M, S,F) =CS™ | F.
S is a full satisfaction class over M if (M, S) = CS™.

@ Corollary If n € w and M |= PA, then there is an an F,-satisfaction class
over M, where F,(x) iff M = x € Z,,.

@ MORAL: Despite Tarski's undefinability of truth theorem, arithmetical truth
can be definably approximated.

@ The above theorem can be used, together with the cut-elimination theorem
for FOL, to establish the following twist to Godel's second incompleteness
theorem.

@ Theorem. (Mostowski) PA is a reflexive theory, i.e., PA proves the
consistency of each of its finite subtheories.
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e Basic Construction (1)

@ We now proceed to present a proof-outline of a theorem that shows that
CS™[PA] is conservative over PA.

@ Lemma. Let Ny = PA, F; := Form™, Fy C F1, and let Sy be an
Fo-satisfaction class. Then there are :

(4] Nl - No, and
@ an F;-satisfaction class S; O Sy over N7 such that:
If c€ Fy, a€ Ny, and (c,a) € 51, then (c,a) € S

@ Proof: Enrich Lpa with constant symbols for each member of N, and new
unary predicates U, for each ¢ € Form™°. We will next formulate certain
statements in the enriched language.

Lecture 1 4 Lecture 2 4 Lecture 3
Ali Enayat Truth theories 19/53



The Basic Construction (2)

@ If Re Lpaand No = c ="R(xp, -+, Xp—1) ", then
Oc :=Va (U (a) « Asn(a, c) A R(a(xo), - - -, a(xp—1))).

@ If Ny = ¢ = =d", then 6, := Var (Uc() 4> Asn(a, c) A =Ug(a)).
0 = Va (Uc(a) < Asn(a, c) A —Ug(a)).
o If o= c="dy V7, then
0 =V (Uc(a) ¢ Asn(a, ) A (Ug, (a | FV(ch)) V Ug (e | FV(ch)))).
o If N = c="3v b7, then
O :=Va (Uc(a) < 3z Up(ay)).
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The Basic Construction (3)

o Let® ={f.:ceF},and:=TTUI", where
M :={U.(a):c€ Fyand (c,a) € S},
M~ :={-Uca):ce Fyand (c,a) ¢ So}.

o Let Th*(No) := Th(No, a)sen, UO UT.

@ Then we use a compactness argument to show that the desired (\V, S) exists
by verifying that each finite subset of Th™(Aj) is interpretable in (Ao, So) .
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The Basic Theorem

@ Theorem. Let My = PA. There is M > My such that for some relation S
over M, (M, S) = CS™. Indeed S can be required to extend any prescribed
partial satisfaction class over M.

@ Proof: Suppose Sy is a prescribed Fy-satisfaction class over M. Then by
the Basic Lemma we can build (M, : i € w) and (S; : i € w) that satisfy the
following three properties:

QO M; < Miji1;

@ S;.1 is an F; -satisfaction class on M 1 with F; ;1 := Form™!:

Q Si=S11n{(c,a):ceF, M; EAsn(a,c)}.
Then, let M := |J M;, and S:= | S;.

icw iEw
@ Remark. The above model-theoretic methodology can be further elaborated

so as to allow the construction of models of CT[PA] (via extensional
satisfaction classes).

Lecture 1 4 Lecture 2 4 Lecture 3
Ali Enayat Truth theories 22 /53



References for Lecture 1

Et

EtW

EV-1
EV-2

C. Cieslinski, On Some Problems with Truth and Satisfaction, in Philosophical Approaches to the Foundations of Logic
and Mathematics, Brill, 2021, pp. 175-192.

C. Cieslinski, The Epistemic Lightness of Truth. Deflationism and its Logic, Cambridge University Press, Cambridge,
2017.

C. Ciedlinski, Interpreting the compositional truth predicate in models of arithmetic, vol. 60, pp. 749-770 (2021).

A. Enayat, Satisfaction classes with approximate disjunctive correctness, Review of Symbolic Logic, vol. 18,
pp. 545-562 (2025).

A. Enayat and M. tetyk, Axiomatizations of Peano Arithmetic: a truth-theoretic view, Journal of Symbolic Logic,
vol. 88 (2023), pp. 1526-1555.

A. Enayat, M. telyk, and B. Wecisto, Truth and feasible reducibility, Journal of Symbolic Logic, vol. 85 (2020),
pp. 367-421.

. Enayat and A. Visser, Full satisfaction classes in a general setting, privately circulated manuscript (2012).

A

A. Enayat and A. Visser, New constructions of full satisfaction classes, in Unifying the Philosophy of Truth (edited by
D. Achourioti et al.), J. New York: Springer, pp. 321-325.
F
\Y
R

. Engstrom, Satisfaction classes in nonstandard models of first-order arithmetic, arXiv:math/0209408 (2002).
. Halbach, Axiomatic Theories of Truth, 2“ded4, Cambridge University Press, 2015.
. Kaye, R. Kaye, Models of Peano Arithmetic, Oxford Logic Guides, Oxford University Press, Oxford, 1991.

H. Kotlarski, S. Krajewski, and A. H. Lachlan, Construction of satisfaction classes for nonstandard models, Canadian
Mathematical Bulletin, vol. 24 (1981), pp. 283-293.

G. Leigh, Conservativity for theories of compositional truth via cut elimination. Journal of Symbolic Logic, vol. 80
(2015), 845-865.

P. Pudldk, Cuts, consistency statements and interpretations, Journal of Symolic Logic, vol. 50 (1985), pp. 423-441.
A. Visser, Enayat theories J. Appl. Logics vol. 8 (2021), pp. 2073-2117.
B. Wcisto, Truth and Collection, arXiv:2403.19367 (2024).

END OF LECTURE ONE
Lecture 1 4 Lecture 2 4 Lecture 3

Ali Enayat Truth theories /53




Truth and consistency

@ Recall that CT[PA] is conservative over PA, so CT ™ [PA] ¥ Con(PA).

@ On the other hand, one “should be able to" prove Con(PA) using the
“argument” that:

@ All the axioms of PA are true.

@ T is closed under provability.

© 0=1 is not true.

@ ERGO: 0=1 is not provable in PA.

@ In the above, (3) is a theorem of CT™ [PA], but neither (1) nor (2) is
provable in CT[PA].

@ However both (1) and (2) are readily provable in
CT[PA] := CT~[PA] + Ind(T).
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The fascinating theory CT,

GRefpa (Golbal Reflection over PA) denotes sentence :

Vi € Sentpa [Provpa(p) — T(p)]-

Theorem. CT[PA] - GRefpa.

Corollary. CT[PA] - Conpa, Conpaiconp,, €tc.

Let CT,[PA] := CT~[PA] + S,-Ind(T).

Theorem. CT;[PA] - GRefpa.

What about CTy[PA]?
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The Many Faces Theorem

@ Many Faces Theorem of CT[PA] (1986 — 2023).
(Kotlarski, Cieslinski, Wcisto, tetyk, Pakhomov, and E.)

The following axiomatize the same theory over CT ™ [I1Aq + Exp].
Q Ay-Ind(T).
©Q GRefpa.
© The sentence asserting that T is closed under first order proofs.

© The sentence asserting that T contains all Lpa-instances of theorems
of first order logic.

© The sentence asserting that T is closed under proofs of propositional
logic.

@ (DC) Vk (T(\/ i) «— i< k T(<p,-)) .

i<k

i<k
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Axiomatizations of ZF

@ ZF (Zermelo-Fraeknel) set theory is usually axiomatized by adding the
Replacement scheme to finitely many axioms: Extensionality, Emptyset,
Foundation (Regularity), Pair, Union, Powerset, and infinity.

@ In the presence of the other axioms, the replacement scheme can be
interchanged with the combination of the Separation scheme and the
Collection scheme.

@ The Separation scheme consists of the sentences of following form:

Vv Vb3JaVx(x€a < p(x,v)).

@ The Collection scheme consists of the sentences of following form:

Vv [(Vx € a dy ¥(x,y,v)) = (3bVx € ady € b y(x,y, v))].
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@ Let ZF~°° := ZF \ {Infinity} + —Infinity + TC, where TC is the statement
"every set has a transitive closure”.

@ The intended model of ZF~* is (V,,, €), where:

Vo=@, Vo1 =P(V,), and V, := U V,.

new

@ Ord = w within ZF™°, thus the natural numbers form a proper class
in this theory.

@ Theorem. (Ackermann 1940, Mycielski 1964, Kaye-Wong 2007)

PA and ZF~°° are definitionally equivalent. In particular, they are
bi-interpretable.
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@ GB is Godel-Bernays theory of classes (also known as BG, VNB and NBG).
@ Let GB™™ := GB\ {Infinity} + —lInfinity + TC.

@ Models of GB®> can be written in the two-sorted form (M, X), where
M = ZFE® | and X C P(M).

o (M, %) = GB*™ iff the following two conditions hold:

Q If Xi,---, X, € X, and Y is parametrically definable in
(M,Xla o '7Xn), then Y € X.

@ If X1, -, Xy € X, then (M, X1, -, Xn) & ZFEX(Xq, - - -, Xp).

In the above ZFioo(Xl7 -+ -, Xp) is the extension of ZFE° in which the names for X1, +, Xn can be used
in the replacement scheme.
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Useful facts about GB*™

@ Theorem. (Novak and Mostowski 1950) GB*> is conservative over ZF=>°.

The original proof of Theorem 1 was model-theoretic. With refined
arithmetization, it can implemented in the fragment /X; of PA (and
therefore it is provable in PRA).

Shoenfield (1954) used e-calculus to estabish Theorem 1. His proof can be
implemented in IAg + Supexp.

@ Theorem. (Pudldk 1986, Solovay) GB*™ has superexponential speed-up
over ZF¥.

© Theorem. (Folklore) ZFE> js interpretable in GB>, but not vice-versa.

@ Theorem. GB™°° and ACAq are definitionally equivalent. In particular, they
are bi-interpretable.

The above theorem can be viewed as a corollary of the definitional
equivalence of ZF~>° and PA.
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The Mostowski truth predicate

@ Mostowski (1950) came up with an elegant construction that shows another
dramatic difference between ZFT> and GB**>, namely, there is a formula
Tmost(x) — dubbed the Mostowski truth predicate here — such that for all
sentences ¢ in the language of ZF-set theory, we have:

GBE>® > Tmost (T ).

B:I:OO F:too

@ The conservativity of G over Z , combined with Godel’s second
incompleteness theorem makes it clear that Con(ZFioo) is unprovable in GB.

@ Thus we are faced with a striking phenomenon: GB**® possesses a
truth-predicate for ZF, and yet the formal consistency of ZF*>< is unprovable
in GB, which must be due to the lack of sufficient formal induction available
in GBT™ in order to prove the statement “all theorems of ZF*> are true”.
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Detour: CT~ | F for set theory

@ Within ZF£>°, let E;F be the result of augmenting Lz¢ with a constant

symbol x for each x in the universe.

o Let M | ZFiOO, and suppose F C Foer/Fl. FSent™F) consists of m € M
such that (M, F) satisfies:

m codes an L7q-sentence ¢(ar, ..., ak) for some ¢(xi, ..., xk) € F.

@ T is an F-truth class (over M) if (M,F, T) = CT~ [ F, where CT™ [ Fis
a finitely axiomatized theory that stipulates that T satisfies Tarski's
compositional clauses at least for formulas in F (the axioms are given on the
next page).
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Detour concluded: Truth classes

@ The axioms of CT™ | F are listed below.

1) Vx,y [F(x) = [Formze(x) A ly < x — F(y)]]-

(1)
(2) Vx,y[T(x) — FSent(x)].
(3) Vx,y('—)'(:)'/—'ETHx:y)/\('—Xey—'ETHXEy).
(4) Vo, € FSent[(o = ) = (€ T ¢ ¢ T)].
( ) Vgo,wl,wg € FSent

(p=v1Vie) = (peT < ((kreT) V(v eT))).
(6) Vi € FSent, Vi(v) € F!

[(cp = 3v P(v)) - (go €T ¢ Ix P(x/v) € T)] .

o CT™ :=CT" | F+ (F = Formgz).
Thus in this context, CT™ can be formulated in the language L£z¢(T) (with
no mention of F).

Lecture 1 4 Lecture 2 4 Lecture 3
Ali Enayat Truth theories 33/53



Back to the Mostowski Truth predicate

@ A cut of a nonstandard w-model M of ZF¥™ is an initial segment of wM
that is closed under immediate successors.

@ Let depth(ip) be the length of the longest path in the parsing tree of ¢ (also
known as the formation/syntactic tree).

@ Let Depth, be the collection of Ls-formulae ¢ with depth(y¢) < k. Thus,
Depthy = &, and Depth; consists of atomic formulae.

@ Within GBT™, the Mostowski cut, denoted CMost, consists of k € w such
that there is a class T with the property that T is a Depth,-truth class over
the structure (V, €).

@ Lemma. Provably in GBT™, Cpost is a cut of w.

@ Theorem. If M is an w-nonstandard model of ZF¥>°, then
Chmost-as-calculated-in-(M, Def(M)) coincides with the standard cut of M.

@ Corollary. The statement Cpost = w Is unprovable in GBT. Therefore,
there is an instance of Y1-Ind that is not provable in GBE>,
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The Mostowski truth predicate concluded

@ Within GBT™, we define:
(a) Depthe,, . consists of Lzr-formulae ¢ such that depth(y) € Cyost-
(b) The Mostowski truth predicate, denoted Tpost(x) expresses:

x is (the code of) an L3 -formula ¢(a1, ..., ax) € Depthy, and
Ip> k3T @(a,...,ax) € T for some Depth -truth class T.
@ Theorem. (Mostowski 1950).

GB*>® Twmost(x) is a Depthc,, - truth predicate.

Consequently, GBT™ F ¢ <> Tyost(T¢7), for all Lzr-sentences .
@ Theorem. (Solovay 1976). Provably in GBE>, Con(ZF>) holds in Cpost.
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Connections with extensions of ACAq

o ACA, :=ACAy + Yk VX 3Y Y = XK,
where Y = X(*) expresses: Y is the k-th Turing jump of X.

@ ACA; :=ACAg + Yk 3Y Y =0k,

° ACAB and ACA{ have the same purely arithmetical consequences.
@ GBI := GB*™ + Cost = w.

@ Theorem. GB_ > s definitionally equivalent with ACA{.

@ Theorem. The following is provable in GBE>

Vi € Sentzg [Provzese () = Tmost(©)]-
@ Corollary. GBI |- Congp+.

Lecture 1 4 Lecture 2 4 Lecture 3
Ali Enayat Truth theories 36 /53



Connections with REF“(PA).

@ Given a recursively axiomatized theory U extending IAg + Exp, the uniform
reflection scheme over U, denoted REF(U), is defined via:

REF(U) := {¥x(Provy("¢(x)7) — ¢(x)) : p(x) € Formy}.

@ The sequence of schemes REF®(U), where « is a recursive ordinal, is defined
as follows:

REF(U) = U;
REF**!(U) = REF(REF“(V));
REF(U) = |J REF*(U).

a<y
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Back to CTo[PA] !I!

@ Theorem A. (McAloon 1985) The Lpa-consequences of ACA;) is
axiomatized by REF“(PA).

@ Theorem B. (Kotlarski 1986 + Wcisto 2017) The Lpa-consequences of
CTo[PA] is axiomatized by REF”(PA).

@ Theorem C. ACA[, ACA*, and CT,[PA] are pairwise mutually
w-interpretable; Consequently, they have the same Lpa-consequences.

@ Theorem C allows us to infer Theorems A from B from each other.
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Proof outline of Theorem C

Since ACA;) F ACAy, it suffices to show:
ACA} 1>, CTo[PA] >, ACA,.
To verify that ACAj >, CTo[PA], within ACA] interpret the truth predicate T of

CTo[PA] as Tmost-

To give an idea of the proof of CT([PA] >, ACA&, we describe the interpretation
model-theoretically:

Given a model (M, T) = CTo[PA], let Xpet,(a1) be the collection of
parametrically definable subsets of M from the point of view of T, i.e.,

Xpetr(m) = {X S M: X =" for some unary p(x) € Formpi},

where pT := {m €M:p(m)e T}. One then checks that:
(M’ xDEfT(M)) ': ACA()-
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Historical notes for Lecture 2

@ The story of the Many Faces Theorem of CTy started with Kotlarski [K] (1986), when he unveiled the connection with
GREFpp by using an ingenious translation to show that CT ™~ [PA] + GREFpy + CTo[PA].

@ Kotlarski's paper [K] also includes a proof outline for showing that that, conversely, CTo[PA] - GREFp,, but a serious
gap was found in his proof outline around 2012 by Heck and Visser.

@ Weisto [WL] (2017) used a different line of argument to show that CT([PA] and Refpa have the same arithmetic
consequences.

@ Eventually Lelyk [L] (2018, 2023) confirmed Kotlarski's hunch by appropriate bootstrapping to verify that show that
indeed CTo[PA] - GREFp,.

@ Kotlarski's work was revisited by Ciesliriski [C] (2012), who showed that seemingly weak principles such as the principle
" T-is closed under propositional reasoning” is equivalent to Ag(T)-Ind over CT ~ [PA]. His work, in turn, was refined by
Pakhomov and E. [EP] (2019) in the demonstration of the equivalence of DC (Disjunctive Correctness) with Ag(T)-Ind
over CT ™~ [PA]. This result, in turn was further refined in [CLW] (2023) to show that DCoyt is equivalent to Ag(T)-Ind
over CT ™ [PA].

@ A proof-theoretic demonstration of Theorem A were presented by Afshari and Rathjen [AR].

@ telyk’s paper [L] includes a model-theoretic proof of CTo[PA] = REF“ (PA). A proof-theoretic demonstration of
Theorem B was presented by Beklemishev and Pakhomov [BP].

@ A proof outline of Theorem C is presented in [E], which revisits the various aspects of the Mostowski truth predicate and
makes the connection between ACA{ and CTg[PA] explicit.
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(Full) Compositional Truth over ZF

o Within ZF, let [Z;F be the result of augmenting Lz¢ with a constant symbol

x for each object x in the universe; e.g., let x := (x,0). We use Sent} to
denote the class of £ -sentences

In our context (set theory) CT™ is the theory formulated in L£z¢(T) whose
axioms are as follows.

@ Vx [T(x) — Sent(x)].

@ Vx Wy [T(x=y) & (x=y)].

Q Vx Wy [T(xey)+ (xey)].

© vy € Senty [T(~) & ~T(¢)].

Q V.0 € Sentip [T(pVO) < T(p) vV T(0)].

Q Vo € Sentl [ = Tvep(v)] = [T(3v ¢(v)) + IxT(p(x)].

CT := CT~ + Repl(T), where Repl(T) is the replacement scheme in the
extended language. Repl(T) can be replaced with Sep(T) + Coll(T), where
Sep(T) is the separation scheme for the extended language, and Coll(T) is

the collection scheme for the extended language.
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@ Recall that CT [ZF] := ZF + CT", and

CT[ZF] := CT[ZF] + Sep(T) + Coll(T).
Q If M |= ZF is w-standard, then (M, Th(M™)) = CT~[ZF] + Ind(T).
@ If x is strongly inaccessible , then (V,;, €, Th(V,,€)") = CT[ZF].

O If M is either the first (V,, €) |= ZF, or M is the Shepherdson-Cohen
minimal model of ZF. Then (M, Th(M*) = CT~[ZF], but NOT CT[ZF].

Q If M |= ZF is w-nonstandard, then (M, Th(M™)) is NOT a model of CT ™.

© Generally speaking, the task of building a subset T of a given
w-nonstandard model M of ZF such that (M, T) = CT ™ [ZF] is highly
nontrivial, and often impossible (e.g., if M is not recursively saturated).

G In the above, and elsewhere, we use the convention introduced in Lecture 1 (page 5) of denoting the expansion

(M, m)mem of a structure M by M. Thus Th(M™) is the elementary diagram of M.
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Tarski Boundary (1)

@ Recall that the Tarski Boundary separates conservative theories of truth
(over a given base theory such as ZF) from nonconservative ones.

@ Theorem. (Fujimoto 2012) The following are provable in CT[ZF]:

@ The sentence asserting: there are arbitrarily large ordinals « such that
asseen by T, (V,,€) < (V,€).

@ GRefzr 1=V € Sentzr [Provze(y) — T(9)].
@ Corollary. CT[ZF] proves that ZF has models of the form (V,, €).

o Let CT,[ZF] := CT ™ [ZF] 4 Sepn(T) + Coll,(T), where Sepn(T) and
Colln(T) are the result (respectively) of limiting Sep(T) and Coll(T) to
> ,-formulas.

@ | have recently shown Fujimoto’s proof can be refined so as to show that in
the above theorem and corollary, CT[ZF] can be weakened to CTo[ZF].
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Conservativity of CT [ZF] + Sep(T) (1)

Theorem. (Essentially Krajewski 1975). CT [ZF] + Sep(T) is conservative
over ZF.

The proof of Krajewski's theorem can be combined with the Orey
Compactness Theorem to show that CT ™ [ZF] 4 Sep(T) is interpretable in
ZF.

Since Ind(T) (the full scheme of induction over natural numbers in the
extended language) is provable in CT[ZF] + Sep(T), The above theorem
implies:

Corollary. CT™[ZF] + “T is closed under first order proofs” is conservative
over ZF.

The above result is in sharp contrast with the well-known fact (discussed in
Lecture 2) that CT[PA] + “T is closed under first order proofs” is not
conservative over PA since it proves Conpa
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Proof outline of Krajewski's conservativity theorem

@ The proof we will present below is a model-theoretic variant of Krajewski's

original proof.

Recall that the classical Montague-Vaught reflection theorem (1959)
states that for all Lz¢ formula ¢(xq, - - -xk), ZF can prove that there are
arbitrarily large ordinals « such that (V,, €) <, (V,€), i.e.,

ZF - Vg € V- Vi € Vo [0 (- xx) < o0 - - xa)]-

It suffices to show that every recursively saturated model of ZF has an
elementary submodel that can be expanded to CT™[ZF] + Sep(T).

Let M be a recursively saturated extension of M.

The reflection theorem can be used to show that there is some a € Ord™
such that M, < M, where M, := (V,, €)™.

Let T be Th(V,, €)*-as-calculated-in-M.

Then (M, T) |E CT™[ZF] 4 Sep(T).
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Conservativity of CT™[ZF] + "the axioms of ZF are true”

@ Int-Repl (internal replacement) is the axiom in the language L£z¢(T) that
states that all instances of the replacement scheme of ZF are true.

@ If ZF is axiomatized by adding finitely many axioms to the replacement
scheme, then in the presence of CT™ [ZF]:
Int-Repl is equivalent to the Lz¢(T)-sentence that states that every axiom
of ZF is true.

@ Theorem. (Visser and E. 2012) CT ™ [ZF]+ Int-Repl is conservative over ZF.

@ Even though each of the theories CT ™ [ZF] 4 Sep(T), and CT™[ZF] +
Int-Repl is conservative over ZF, their union proves Conzr and is thus
nonconservative.

@ In contrast with CT™[ZF] + Sep(T), CT™[ZF] 4 Int-Repl is not
interpretable in ZF. This follows from Pudldk’s interpretability-theoretic
generalization of the second incompleteness theorem.
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A new conservativity result

@ In the remaining slides, | will present some recently obtained results (to
appear).

@ Theorem. It is a theorem of ZFC that CT™ [ZF] +Int-Repl + Coll(T) is
conservative over ZF.

Proof-idea. An Lzg-structure M is said to be Ni-like if the universe M of
M has cardinality Xy, but foreach ae M, {xe M: M =x € a} is
countable. Using the fact that R; is a regular cardinal (in ZFC), it is readily
seen that if M is N;-like, then M satisfies Coll(£).

By the completeness theorem of first order logic, it suffices to show that
every countable model My = ZF has an R;-like elementary extension M
that has an expansion (M, T) = CT™[ZF] +Int-Repl + Coll(T).

The main technical ideas of the proof are:

(1) Keisler's theorem on elementary end extensions of models of ZF,

(2) the conservativity of CT ™ [ZF] + Int-Coll over ZF, and

(3) the “cutting-extending-sowing” trick used by Wocisto in his recent proof
of conservativity of CT™[PA] 4+ Coll over PA.

@ Question. Can the meta-theory in the above theorem be reduced to PA?
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Nonconservative theories weaker than CT[ZF].

@ We already saw that CTy[ZF] is on the nonconservative side of the Tarski
boundary for ZF since it can prove GRefzg.

© CT.[ZF] := CT[ZF] + GRefz.
@ CT.[ZF]+ Th(V) € V, where Th(V) € V is the sentence expressesing:

Ix(x ={o: T(0) and o € Sentze}).

Q CT.[ZFl+V¥x3Jy (y =TnNx).

@ Theorem. The above three theories are all subtheories of CTo[ZF]; and
their consistency can be verified in CTo[ZF].

@ Theorem. The above three theories are listed in increasing order of
deductive strength, as well as consistency strength.
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About CT.[ZF]

@ Theorem. GB, and CT.[ZF] are mutually V-interpretable; Consequently,
they have the same Lzg-consequences.

In contrast with the fact that CT.[ZF] proves that ZF has a model, we have;
@ Theorem. CT,[ZF] does not prove the existence of an w-standard model

of ZF; in particular the existence of a transitive model of ZF is not provable
in CT.[ZF].

@ Proof. This follows from the following observations:
Q If M = ZF, and M is w-standard, then (M, Th(M™)) = CT.[ZF].
@ ZF has an w-model M that satisfies “ZF has no w-model”.

Statement (1) is easy to see; (2) can be established using the abstract form
of the second incompleteness theorem formulated in terms of
Hilbert-Bernays-Lob provability conditions.
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Glimpse of another many faces theorem

@ Theorem. The following theories have the same Lzg-consequences as
CT.[ZF]:

© CT7[ZF] + Int-Repl + “T is closed under first order proofs”.

@ CT [ZF] + Int-Repl + "T contains all £L}-instances of theorems of
first order logic”.

© CT[ZF] + Int-Repl + "T is closed under proofs of propositional
logic”.

@ CT7[ZF] + Int-Repl + DC.
© CT7[ZF] + Int-Repl + DC-out.
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About CT,[ZF] + Th(V) € V

@ Theorem. CT,[ZF] 4+ Th(V) € V does not prove that ZF has a model of
the form (V,, €).

Proof. Let a be the first ordinal such that (V,, €) = ZF, then

(Va, €, Th(V,, €)" ) satisfies:

(1) CT.[ZF] + Th(V) € V, and

(2) There is no 8 such that (V3, €) expands to CT,[ZF] + Th(V) € V.

@ Theorem. CT.[ZF] 4+ Th(V) € V proves that ZF a transitive model.

@ Proof Outline. It is a classical theorem (due to Jeff Paris) that every
consistent extension of ZF has a model all of whose ordinals are pointwise
definable. This theorem is provable in ZF itself.

So within CT,[ZF] + Th(V) € V we can get hold of a model of Th(M) of
ZF all of whose ordinals are pointwise definable.

Then we can use internal replacement to show that M must be
well-founded as viewed within CT.[ZF] + Th(V) € V, and therefore M can
be collapsed to a transitive model.
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